Abstract: A series of Ni doped cobalt ferrite compounds with the formula Ni x Co 1−x Fe 2 O 4 where x=0, 0.2, 0.4, 0.6, 0.8, and 1.0 were prepared using a hydrothermal method and subsequently sintered/annealed at 600
Introduction
Ferrospinels, AFe 2 O 4 , where A is Fe, Co, Ni, etc., are a very important group of magnetic materials. They cover a wide range of applications from low wave-number to microwave and from low to high permeability including electronic devices, ferrofluids, magnetic drug delivery microwave devices and high density information storage [1] [2] [3] [4] [5] . The unit cell contains 32 O-atoms in cubic closest packing with 8 Td (tetrahedral) and 16 Oh (octahedral) occupied sites. Among the ferrospinels, the inverse type is particularly interesting due to its high magnetocrystalline anisotropy, high saturation magnetization, and unique magnetic structure [6] .
Nanosize ferrites have been prepared by various methods including sol-gel, modified oxidation process, forced hydrolysis method, ball milling and microemulsion method [7] [8] [9] [10] [11] [12] . Recently, the chemical route for material preparation was preferred as an effective and convenient technique, with reduced energy and material requirements [13, 14] . However, the hydrothermal route is one of the most widely used, owing to its economics and high degree of compositional control [15] . In addition, the hydrothermal synthesis requires neither extreme high processing temperature nor sophisticated processing. For example, ferrites can be prepared via the hydrothermal method at a temperature of about 150 • C, whereas the solid-state method requires a temperature of 800
• C [16] . To date, the hydrothermal synthesis of several ferrites has been reported [17] [18] [19] 
Measurements
The structural characterization was performed using a X-ray Diffractometer model Huber JSO-DEBYEFLEX 1001 Diffractometer (Cu K α radiation) operated at 40 kV and 35 mA. Electron Spin Resonsnce (ESR) measurements were performed using a commercial Xband (f ≈ 9.7 GHz) Bruker EMX model spectrometer equipped with a cylindrical TE 011 cavity. The sample (approximately 2 mm × 3 mm) was placed onto a quartz sample holder, inserted in a cavity and held in either a parallel or a perpendicular orientation to the sample plane of the applied magnetic field. ESR spectra were obtained by sweeping the magnetic field from 0 to 16 kVe. The magnetic field was calibrated using a α, α-diphenyl-β-picryl hydrazyl (DPPH) sample (g = 2.0036). The field derivative of microwave power absorption, dP/dH, was registered as a function of DC magnetic field H. To obtain the intensity of microwave power absorption, P, digital integration of the ESR curves was performed using the Bruker WinEPR software. A goniometer was used to rotate the sample with respect to the external magnetic field in order to observe angular variations in the ESR spectra. No angular dependence was observed.
Using the FEI XL40 Sirion FEG Digital Scanning Microscope, a scanning Electron Microscopy (SEM) analysis was performed in order to investigate the microstructure and morphology of the sample. Samples were coated with gold at 10 mA for 2 minutes prior to SEM analysis. The lattice parameters for these spinel phases were computed, (Fig. 2) , using the dspacings value and the respective (hkl ) parameters. An analysis of the diffraction patterns of all samples confirm the formation of cubic spinel structure. The values of the lattice parameters found for NiFe 2 O 4 (a = 8.339Å) and for CoFe 2 O 4 (a = 8.381Å) agree with those reported in JCPDS card numbers 10-325 and 22-1086, respectively. The values of the lattice parameter, a, exhibit a linear dependence, thus obeying Vegard's law [21] as shown in Fig. 2 . Since, the ionic radius of Ni 2+ (Tet: 0.55Å, Oct: 0.69Å) is smaller than that of Co
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2+
(Tet: 0.58Å, Oct: 0.745Å), the replacement of Co by Ni ions leads to a decrease of the lattice parameter [22] . The average crystallite diameter, L, was estimated by the Scherrer from the full-width at half maximum (FWHM) of the most intense peak (3 1 1):
where λ is the wavelength of CuK α (1.54059Å), θ B is the angle of Bragg diffraction, and β = B − b. B is the full width at half maximum (FWHM) and b represents the instrumental line broadening [23, 24] . Crystallite size was observed to increase monotonically with increasing Ni content from 19 nm at x = 0 to 35 nm at x = 1.
FTIR spectroscopy
Variation of the band v 1 with the composition (x) of Ni x Co 1−x Fe 2 O 4 is shown in Fig. 3 .
The inset in Figure 3 shows a detailed positioning of the peaks in the range of 530-660 cm −1 . The absorption band, v 1 , linearly increases with the increasing content of nickel ions [25] . Since the frequency is proportional to the force constant, the band v 1 shifts to higher frequency as the Ni addition increases (force constant is represented by the equation: K = 4π 2 c 2 v 2 μ where μ is the reduced mass, v is the frequency in cm
and c is the velocity of light [26] . Reduced mass (μ) can be found using the following equation: μ = m 1 m 2 / m 1 +m 2 , where m 1 and m 2 are the atomic masses of the metals [27] ). The Ni 2+ completely occupy the octahedral sites and force the Fe 3+ into the tetrahedral sites with the increasing nickel ions [25] . As the nickel concentration increases, the Co ions are replaced by Fe (lower atomic mass) ions on tetrahedral site. As the reduced mass decreases, the v 1 shifts towards higher frequency ( Fig. 3 FTIR Spectra of the specimens at different dompositions.
The band v 1 , (Table 3) generally observed in the range 600-550cm −1 , corresponds to an intrinsic stretching vibrations of the metal at the tetrahedral site, M tetra ↔O, whereas the v 2 -lowest band, usually observed in the range 450-385cm −1 , is assigned to octahedral-metal stretching, M octa ↔O [8, 9, 29] . Table 3 The IR spectral analysis for the studied samples. Published data shows that Ni 2+ have an octahedral-site preference, whereas Co
2+
and Fe 3+ can occupy both octahedral and tetrahedral sites [22] . No obvious peak due to octahedrally coordinated metal ions has been observed, which is expected to be around 400 cm −1 . This may be due to the broadening of this peak attributed to very small particles of spinel ferrites [30] . The change in the band position observed going from one concentration to another may be due to the change in the internuclear distance of Fe SEM was used to investigate the morphology and microstructure of various samples. The micrographs are shown in Fig. 4 . A broad size distribution is observed which consists of octahedral crystals (Fig. 4a-4b ) with sizes ranging from 30 to 35 nm (Fig. 4c-f ).
ESR measurements
In the present work, the ESR spectra of Ni x Co 1−x Fe 2 O 4 (x = 0.2, 0.8, 1.0) were recorded at room temperature (Fig. 5) .
ESR signals show that when the concentration of Ni 2+ increases, the peak to peak line width decreases, but the resonance field increases. This means that the net magnetization of the samples increases with Ni 2+ concentration. The Co 2+ ions generally occupy the tetrahedral site of the spinel and there will be antiferromagnetic interaction between octahedral and tedrahedral sites leading to an increase in line width of the ESR signals.
In the present case, as the Co 2+ in CoFe 2 O 4 grains are substituted by Ni 2+ , the antiferromagnetic interaction decreases, and the superexchange interaction increases which leads to a decrease in linewidth and an increase in the resonance field. [31] . The shell is visualized to be the zone in which Ni 2+ has created vacancies and the superexchange interaction has been destroyed. The shell has a smaller magnetization compared to the core due to the closed shell structure of Ni 2+ and the magnetization of this zone decreases with increasing dopant concentration. Therefore, the fluctuations in resonance field and the line width were observed.
Conclusion
Single-phase well-crystallized nanosized ferrites of Ni x Co 1−x Fe 2 O 4 (x = 0, 0.2, 0.4, 0.6, 0.8, 1.0) were successfully synthesized via hydrothermal method at a relatively low temperature (160 • C) for 15h. XRD analysis revealed that these materials belonged to the family of mixed or partially inverse spinel ferrites. The FTIR spectra show two fundamental bands, v 1 and v 2 , in the frequency range of 4000-400 cm −1 that correspond to the tetrahedral and octahedral complexes, respectively. The band, v 1, shifts towards the higher frequency site, while the band v 2 remains constant with increasing Ni concentration. Particles were observed to have octahedral shapes with size in the range of 30-35 nm. Based on the fluctuations and changes in the line widths observed in the ESR signal with increasing Ni content a core-shell type of structure was proposed, where the core is undoped CoFe 2 O 4 and the shell is Ni 2+ doped CoFe 2 O 4 phase. The shell has a smaller magnetization compared to the core due to the closed shell structure of Ni 2+ and the magnetization of this zone decreases with increasing dopant concentration.
